1. Introduction {#sec1}
===============

In the field of material science, nanotechnology is unremittingly carving its own zone as an emerging field of research. Applicability of nanoparticles (NPs) and nanomaterials is evolving rapidly; specially on the biomedical front from cell imaging, targeted drug delivery and cancer diagnostics to therapeutic applications \[[@B1]--[@B8]\]. Both the physical and chemical methods, or either of any, can be significantly applied for the synthesis of NPs \[[@B9]--[@B11]\]. Since the last one decade, biological sources like microbes, plant, and plant parts along with various biomolecules are being used to biosynthesize NPs both intra and extracellularly giving rise to the new field "Nanobiotechnology". The biological methods involves living organisms like bacteria, fungi, actinomycetes, yeast, algae, and plants \[[@B12]--[@B16]\] and exploiting them both intracellularly and extracellularly to synthesize and produce NPs of desires shape, size, and morphology \[[@B17]\]. Biogenic synthesis also produces more stable NPs because microbes and plant extracts contain enzymes, phenols, and flavonoids, which act as a capping agent \[[@B18]\]. Marine microbes exhibit a very exploitable potential for biosynthesis of metal NPs especially gold, silver, iron, and copper. \[[@B19], [@B20]\].

One of the first reports by Singaravelu et al. \[[@B21]\] demonstrated the synthesis of monodispersed AuNPs using *Sargassum wightii* (*S. wightii*) marine algae. Venkatesan *et al*. \[[@B22]\] reported an interesting study involving marine brown alga *Ecklonia cava* (*E. cava*) wherein AuNPs biosynthesis occurred within 1 minute at a high temperature of 80°C \[[@B22]\]. Bacteria *Rhodopseudomonas capsulate* (*R. capsulate*) was also monitored for its potential in the biosynthesis of AuNPs. It showed successful synthesis using enzyme NADPH-dependent nitrate reductase \[[@B23]\]. Since marine flora and fauna can easily adjust to biotic and abiotic stress and also to the extreme environmental conditions; thus, an emphasis to explore marine microbes is trending since the last decade. Also, the lipid and polymer-based metallic systems have showed significant activities for eradicating various cancer-associated disorders and diseases \[[@B24], [@B25]\]. However, the noble metals such as gold and silver are expensive, and, thus, it is very important to use these materials as per need, which could be efficiently achieved through reducing their particle size and forming NPs through biosynthesis approach. This approach also regulates the cost and reduces the waste disposal, thus exhibits high biodegradability and biocompatibility \[[@B19]\].

Earlier studies have demonstrated that the synthesis of NPs involves a key mechanism of a precipitation reaction, followed by nucleation, crystal growth, and accumulation \[[@B26]\]. As per the reports, the process of nucleation is found to be an initial one and also appears very fast followed by the particle growth, which is the slowest step and also the rate-determining step. After nucleation, the particles having the size more than the critical size show a particle growth by coalesce whereas particles with size less than critical size dissolve back in the solution \[[@B27]\]. Also, the surface charge and polydispersity index (PDI) of the particles play crucial roles for regulating the processes of nucleation, crystal growth, and accumulation. It has been observed that the lesser the PDI value, the more would be the formation of monodispersed particles, thus lesser would be the size of the particles \[[@B28]\]. An extensive study focusing on kinetics involved in the biochemical process of metal NPs synthesis will suffice the lack of understanding of reaction complexity and will minimize the trial-and-error approaches. Biogenic synthesis still needs understanding and validation of the formation mechanism of NPs so as to scale up its bulk production.

The present research focuses on the biosynthesis of AuNPs using cell lysate supernatant (CLS) of marine bacteria, *P. espejiana*, and deduces the best possible culture conditions for AuNPs production. Temperature, pH, agitation speed, and concentration of chloroauric acid (precursor agent) were the four physico-chemical parameters, which were varied and tested to observe their effect on the biosynthesis of AuNPs using one-factor-at-a-time (OFAT) method. Colloidal AuNPs solutions were examined using UV-VIS spectroscopy (UV-1800, Shimadzu, Japan); the obtained spectra presented an absorption band around 540 nm, which confirmed the successful production of AuNPs. Further, AuNPs were subjected to DLS, TEM, FE-SEM, and ICP-OES analysis to deduce out more results in order to establish an understanding of both the crystal growth kinetics and reaction kinetics.

2. Materials and Methods {#sec2}
========================

2.1. Chemicals {#sec2.1}
--------------

Chloroauric acid (HAuCl~4~·3H~2~O), and other pure chemicals and biochemicals, were purchased from Sigma-Aldrich, India. Zobell Marine broth was purchased from Himedia, India. Freshly prepared aqueous solution of HAuCl~4~ (1 mM), prepared using double-distilled (DD) water, was used in the experimental work. All the glassware used was sterilized and thoroughly washed with pure water. All other chemicals and reagents were of analytical grade.

2.2. Method of AuNPs Biosynthesis Using *P. espejiana* {#sec2.2}
------------------------------------------------------

The authors have followed the protocol of AuNP synthesis as reported previously with some modifications \[[@B19]\]. The marine bacterial strains of *P. espejiana* were collected from Dr. Rajib Bandopadhyay, Associate Professor, The University of Burdwan, West Bengal. Both the bacterial component version, i.e., cell biomass and cell lysate supernatant (CLS) were tested for their ability to convert precursor HAuCl~4~ to gold nanoparticles. Various steps involved in the biosynthesis of AuNPs are summarized in [Figure 1](#fig1){ref-type="fig"}. Visual observation of aliquot\'s color change from yellow to pinkish-purple was the preliminary indication for successful AuNP production. The AuNPs produced were further confirmed using UV-Vis spectroscopy by observing the SPR peak at 540 nm. Thereafter, the characterization of AuNPs was done using TEM, SEM, EDX, and DLS studies to access the shape, size, and morphology.

2.3. Determination of Enzyme-Substrate Ratio {#sec2.3}
--------------------------------------------

Different combinations of enzyme-substrate ratios were analyzed, \[E\]: \[C~A~\] = 1 : 1, 1 : 2, 2 : 1, 2 : 3, and 3 : 2, in order to determine the best enzyme-substrate ratio for significant AuNPs synthesis. Moreover, to observe the crystal growth and reaction kinetics of AuNPs, the optimum ratio of \[E\] : \[C~A~\] and alterations in the physico-chemical parameters were assessed.

2.4. Size Optimization of AuNPs {#sec2.4}
-------------------------------

In order to optimize the size and observe the phenomenon of crystal growth of AuNPs, the synthesis was carried out at four different temperatures (25°C, 30°C, 35°C, and 37°C) and simultaneously at different pH ranging from 5 to 9 for a period of 24 hours. This study helped in deducing the influence of temperature and pH over the size of synthesized NPs. After obtaining results of the optimum pH and temperature, the samples were subjected to access various sizes of the synthesized NPs using DLS (Nano ZS Zetasizer Malvern Instrument, UK), so as to plot a graph showing the increase in the size of NPs with respect to time (time vs. size). Further, the AuNPs samples were drawn at regular time interval up to 48 hrs and analysis of morphological characters using FE-SEM (ZEISS Sigma 300), TEM (JEOL, JEM1400, USA).

2.5. Study of Reaction Kinetics {#sec2.5}
-------------------------------

The effect of varying temperatures (25°C-40°C), pH (5-9), agitation speed (50-250 rpm), and HAuCl~4~ concentration (1-10 mg/L) over the reaction kinetics involved in the biosynthesis of AuNPs was attempted to comprehend in this study. Multiple sets of experiments were carried out by varying one factor at a time (OFAT) while keeping the other factors constant over a period of reaction time (0-48 h) intervals. The enzyme substrate ratio was kept constant i.e., \[E\]: \[C~A~\] = 2 : 3. All experiments were subjected to ICP-OES analysis over a period of 48 hours by altering different parameters and drawing samples at regular time interval. The concentrations of formed AuNPs were measured at regular time intervals to determine the effect of physical parameters. ICP-OES analysis was done on Perkin Elmer, USA; Optical 2100DV ICP-OES at CIF, BIT MESRA. The data and results helped in predicting the best combination of physical parameters for the most reliable and economically viable process for the AuNP production.

2.6. Study of Order of Reaction {#sec2.6}
-------------------------------

The order of reaction was obtained from the experimental data which was expressed in the form of graphs. It is the sum of the exponents of the concentration terms in the rate expression.

3. Results and Discussion {#sec3}
=========================

3.1. AuNPs Screening and Characterization Studies {#sec3.1}
-------------------------------------------------

The successful synthesis of AuNP formation was confirmed by the SPR peak at 540 nm in U Visible spectroscopy. It was further characterized by DLS which gave an average particle size of 62 nm with net particle charge of -25.6 analyzed by zeta potential analyzer hence approving the stability of the AuNPs. EDX results confirmed AuNPs production by accessing elemental composition.

3.2. Optimized Enzyme to Substrate Ratio {#sec3.2}
----------------------------------------

The best enzyme to substrate relation comes out to be \[E\]: \[C~A~\] = 2 : 3 since maximum UV-VIS absorbance was observed as illustrated in [Figure 2](#fig2){ref-type="fig"}, which demonstrated that 2 units of enzymes is able to reduce 3 fractions of substrate successfully to synthesize the AuNPs. The second best was 3 : 2 which implied the amount of substrate is less than the enzyme. The use of less amount of enzymes at \[E\]: \[C~A~\] = 2 : 3 produced more amount of AuNPs, hence, makes the process economically viable.

3.3. Size Optimization of Crystal NPs {#sec3.3}
-------------------------------------

Different temperatures (25°C-40°C) and pH (5-9) were selected for the experimental setup in order to optimize the best pH and temperature for the smallest homogeneous bulk production of AuNPs. While varying the factors, the enzyme substrate ratio was kept constant \[E\]: \[C~A~\] = 2 : 3 along with keeping pH constant at 9 and temperature at 30°C. At the optimum pH and temperature, the crystal growth was keenly observed through TEM and FE-SEM images. It was also confirmed by DLS observations that the size of NPs increased with time, so the study was performed to comprehend the development of NPs and their growth behaviour. Also, the process parameters of the reaction were preserved till the reaction reached equilibrium. [Figure 3](#fig3){ref-type="fig"} shows the AuNPs of largest size, around 250 nm, among other AuNPs synthesized at the other four temperatures. It could be mainly because of agglomeration and fusion of small NPs to give rise to larger ones. Further, TEM analysis confirmed the presence of the smallest AuNPs, around 5 nm, at 30°C during the time interval of 2-12 hrs.

After the 24th hour, the average particle size was 166 nm at 30°C. At 37°C, the particle size increased, probably because of high stability effects at high temperature, thus, the NPs size increases with the increase of reaction time.

On the basis of DLS results, it was concluded that at pH 9, maximum AuNPs of small spherical size around 160 nm were obtained. High alkalinity happens to increases OH^−^ concentration in the solution mixture, which affects the surface charge of NPs, subsequently resulting in an increase in the repulsive electrostatic/electrosteric interactions.

This causes an increase in the stability of cluster groups and colloid formation in the medium with a decreased affinity for agglomeration of the NPs. At alkaline pH, monodispersed and small-sized spherical AuNPs were produced, with the greater amount. At acidic pH like 5 and 6, the size of AuNPs produced was in the range of 450-550 nmas represented by the graph in [Figure 4](#fig4){ref-type="fig"}.

TEM and FE-SEM micrographs (Figures [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}) clearly showed that, initially the NPs were mostly spherical but with an increase in time, the fusion of AuNPs led to the development of NPs of various geometrical shapes. The particle size analysis of AuNPs with varying time duration is tabulated in [Table 1](#tab1){ref-type="table"}. The values of showed that the AuNPs were the range of 5-160 nm over a period of 48 hours. It was observed that with increasing of time, the AuNPs agglomerate and fuse to develop into larger crystals, and thus large-sized AuNPs are produced if the reaction is left for more than 12 hours.

3.4. Reaction Kinetics {#sec3.4}
----------------------

This study was done to understand the influence of temperature, pH, agitation speed, and substrate (HAuCl~4~) concentration on the kinetics of the biosynthesis of AuNPs. Various sets of experiments were done by changing the abovementioned 4 physical parameters whilst keeping the other parameters constant.

3.5. Effect of Temperature on the Production of AuNPs {#sec3.5}
-----------------------------------------------------

The different temperatures selected were 25°C-40°C, and it was observed from the ICP-OES data that the concentration of NPs increased till the 12^th^ hour of the reaction, and as the reaction reached equilibrium, it was observed that from the 24^th^ hour to 48^th^ hour, there was no significant increase in the amount of product. It was seen that with the increase in temperature, the concentration of the NPs also increased and the rate of synthesis of the reaction changed.

Temperature acts as one of the most crucial physical parameter in the biosynthesis of AuNPs. [Figure 7](#fig7){ref-type="fig"} displays the ICP-OES analysis of the effect of temperature in the biosynthesis of AuNPs. It was observed that with the increase in the reaction temperature, from room temperature to 30°C, the biosynthesis of AuNPs also increased. As the temperature was increased further, the rate of reduction of HAuCl~4~ decreased, the minimum being at 40°C perhaps because, at higher temperature, the enzymes tend to get denatured and loses its activity \[[@B29]\].

The observed mechanism shows that most of the gold ions were utilized in the formation of nuclei which leads to the secondary reduction. Once all the active sites of the enzyme get completely occupied, the reaction halts since there is no more scope of reduction to AuNPs. The movement of atoms in the solution (Brownian movement) increases with the increase in temperature and directly affects the reaction kinetics, leading to the aggregation of the NPs during synthesis and hence enhances the rate of production \[[@B30]\]. In this specific case, the results of ICP-OES showed the highest amount of AuNPs, synthesized at 30°C. The results when compared at 6 different temperatures, led to the conclusion that 30°C, were optimum for the biosynthesis of AuNPs. Further, the formation of AuNPs at other reported temperatures have been summarized in [Figure 7](#fig7){ref-type="fig"}. The ICP-OES results clearly showed that with every 1 mg/L of HAuCl~4~, the AuNPs biosynthesized is 0.961 mg/L, which means up to 96% conversion.

3.6. Effect of pH on the Production of AuNPs {#sec3.6}
--------------------------------------------

The influence of pH in the production of AuNPs was evaluated at 5 different pH values (5, 6, 7, 8, and 9), and the results were demonstrated through ICP-OES analysis ([Figure 8](#fig8){ref-type="fig"}). It was observed that with the increase in pH, the concentration of the AuNPs increased. The pH of medium plays an integral role in the biosynthesis of NPs, since it encourages and determines the reactivity of the enzyme present in the bacterial CLS with gold ions.

As per the ICP-OES estimation, the maximum gold ions were converted to AuNPs at an alkaline pH of 9. One of the convincing reasons was that since the bacterial source used was of marine origin, so the enzyme was more effective at alkaline pH. Fast reduction of gold occurred in the basic medium. The rate at which NADPH-dependent nitrate reductase releases H^+^ ions and donates the electrons is pH driven, which in turn determines the sensitivity of biosynthesis of AuNPs.

When the pH is basic, the concentration of H^+^ ions in solution is very low, initiating fast dissociation of NADPH-dependent nitrate reductase and instantaneous reduction of a large amount of gold atoms, leading to the formation of many nuclei, which in turn leads to a higher rate of AuNPs production at pH 9. Because of this, the concentration of reduced atoms decreases and the accelerated growth of the nuclei takes place to form nanospheres, avoiding the growth of anisotropic structures \[[@B31]\]. Hence, more spherical AuNPs are formed at basic pH 9.

In the case of neutral to acidic pH, the rate at which NADPH-dependent nitrate reductase dissociates is slower because there are enough H^+^ ions already present in the solution at pH 5 and 6. Furthermore, due to the unavailability of requisite electrons, the reduction of gold ions into AuNPs also lowers. Similar results were reported in *Coleus aromaticus* (*C. aromaticus*) leaf-mediated NPs synthesis where alkaline pH 8.2 showed a narrow peak at 460 nm with maximum production \[[@B29]\]. Similarly, \[[@B32]\] used an aqueous extract of *Momordica charantia* (*M. charantia*) for AuNPs synthesis, and it exhibited maximum stability at pH 10. Several reported results prove that pH plays an important role in the shape and size and also controls the activity of synthesized AuNPs. The current study specified that the alkaline pH was more appropriate for the biosynthesis of AuNPs.

3.7. Effect of Substrate (HAuCl~4~) Concentration on the Production of AuNPs {#sec3.7}
----------------------------------------------------------------------------

Different concentrations, i.e., 1, 2, 3, 4, 5, and 10 mg/L of substrate (HAuCl~4~) when added to bacterial CLS also resulted in the varying amounts of AuNPs production. ICP-OES results indicated that the production of AuNPs is directly proportional to the substrate concentration. The rate of reaction and amount of AuNPs production in a 48 hrs time period was majorly dependent on the initial metal ion concentration and reaction time. The more the concentration of gold ion available for reduction, the more was the AuNPs product at the end of the reaction. The substrate to product ratio was estimated via ICP-OES, and the results confirmed the formation of AuNPs, with a yield of 92% at a HAuCl~4~ concentration of 10 mg/L. Further, the effect of different substrate (HAuCl~4~) concentration on the production of AuNPs has been summarized in [Figure 9](#fig9){ref-type="fig"}.

3.8. Effect of Agitation Speed on the Production of AuNPs {#sec3.8}
---------------------------------------------------------

The various agitation speeds selected were 50, 100, 150, 200, and 250 rpm. The observations made from the ICP-OES data and graphs were plotted over a period of 48 hrs which clearly supports the effective influence of agitation speed over nucleation and crystal growth. The highest production of AuNPs was obtained at 150 rpm followed by 200 rpm and 100 rpm ([Figure 10](#fig10){ref-type="fig"}). Agitation causes continuous stirring that causes an overall homogenizing effect on the solution and hinders the localization of gold ions. Owing to this effect, an effective distribution of both gold ions and enzymes occur in the solution results in less agglomeration and production of AuNPs. An optimum agitation speed of 150 rpm increased the chances of exposure of gold ions to the enzymes which remarkably enhanced the overall production of AuNPs. Interestingly, a high agitation speed of 250 rpm had a comparatively negative effect on the rate of production of AuNPs because it causes disruption of a stable interactive system being formed between the gold ions and the enzymes. Very low agitation speed of 50 rpm did not show any considerable effect on the conversion of precursor gold to AuNPs due to an on-homogeneous mixture and improper mixing. The agitation speed significantly affected the crystallization behaviour, growth, and size of the AuNPs.

3.9. Determination of Order of Reaction {#sec3.9}
---------------------------------------

Evident facts from all the 4 graphs (Figures [7](#fig7){ref-type="fig"}, [8](#fig8){ref-type="fig"}, [9](#fig9){ref-type="fig"}, and [10](#fig10){ref-type="fig"}), where the effect of pH, temperature, substrate concentration, and agitation speed is studied up to 2 hours indicates the reaction order to be the first order as the variation of concentration is linear with the time course of the reaction. The phase up to 2 hours marks the nucleation zone, i.e., the initiation regime. From the 2^nd^ hour onwards, up to the 12^th^ hour, is the propagation regime, wherein more crystals are formed and AuNP size increased due to agglomeration as observed through DLS studies. From the observations, it was proposed that this phase of the reaction was autocatalytic in nature signifying the synthesized small-sized AuNPs acting as a catalyst for the further propagation of the reaction. The characteristic feature of an autocatalytic reaction is that the rate of the reaction escalates gradually as the reaction proceeds with the increased amount of catalyst and again decelerates down as the reactant concentration reduces (Frenklach et al. 1983; \[[@B33]\]). A similar trend was observed from the results of all the experiments performed and the graphs validate it effectively. The biosynthesis of AuNPs reaction followed first-order kinetics at the initiative phase, due to the best activity performed by enzyme and ample amount of substrate.

For a first-order reaction, the rate of the reaction is directly proportional to the concentration of the reactant. Proper crystal growth occurs up to the 12^th^ hour. There was a minor increase in the production of AuNPs after the 12^th^ hour up to the 24^th^ hour owing to the start of the saturation phase, yet the crystal growth phase occurred. After the 24^th^ hour, the reaction begins to reach its saturation phase, lowering the production of AuNPs. A flat line with a slight increase to upwards was observed from 24^th^ hour onwards up to the 48^th^ hour, which can be said to follow zero-order kinetics wherein the reaction is independent of the reactant concentration. From 24 hours onwards up to 48 hrs was the third regime or the saturation of crystals regime wherein no new crystal formation was observed but the existing crystals just grow more in size. This phase, where the crystals grow in size is not a function of time, indicated zero-order kinetics. Overall from our preliminary study, it was concluded that the entire study exhibited a mixed reaction kinetics comprising of (i) first-order reaction, (ii) autocatalytic reaction, and (iii) zero-order reaction.

3.10. Determination of Rate Constant {#sec3.10}
------------------------------------

In chemical kinetics, a reaction rate constant or reaction rate coefficient (*k*) quantifies the rate of a chemical reaction.

For a general reaction:$$\begin{matrix}
\left. \mathbf{a}\mathbf{A} + \mathbf{b}\mathbf{B}\longrightarrow\mathbf{P}\mathbf{r}\mathbf{o}\mathbf{d}\mathbf{u}\mathbf{c}\mathbf{t}\mathbf{s} \right. \\
\end{matrix}$$$$\begin{matrix}
{\mathbf{R}\mathbf{a}\mathbf{t}\mathbf{e}\textbf{of}\mathbf{r}\mathbf{e}\mathbf{a}\mathbf{c}\mathbf{t}\mathbf{i}\mathbf{o}\mathbf{n}\,\left( \mathbf{r}_{\mathbf{A}} \right) = \mathbf{k}_{\mathbf{A}}\,\left\lbrack \mathbf{A} \right\rbrack^{\mathbf{x}}.\left\lbrack \mathbf{B} \right\rbrack^{\mathbf{y}}} \\
\end{matrix}$$$$\begin{matrix}
{\mathbf{x} + \mathbf{y} = \mathbf{n};\mathbf{o}\mathbf{r}\mathbf{d}\mathbf{e}\mathbf{r}\textbf{of~the}\mathbf{r}\mathbf{e}\mathbf{a}\mathbf{c}\mathbf{t}\mathbf{i}\mathbf{o}\mathbf{n}\,\left( \mathbf{n} \right)} \\
\end{matrix}$$$$\begin{matrix}
{\mathbf{R}\mathbf{a}\mathbf{t}\mathbf{e}\,\mathbf{c}\mathbf{o}\mathbf{n}\mathbf{s}\mathbf{t}\mathbf{a}\mathbf{n}\mathbf{t}\,\left( \mathbf{k}_{\mathbf{A}} \right) = \mathbf{R}\mathbf{a}\mathbf{t}\mathbf{e}\textbf{of }\mathbf{r}\mathbf{e}\mathbf{a}\mathbf{c}\mathbf{t}\mathbf{i}\mathbf{o}\mathbf{n}\,\mathbf{k}_{\mathbf{A}}\,\left\lbrack \mathbf{A} \right\rbrack^{\mathbf{x}}.\left\lbrack \mathbf{B} \right\rbrack^{\mathbf{y}}} \\
\end{matrix}$$

The substrate (HAuCl~4~) concentration is represented by *A* (*r~A~* and *k~A~*). The rate constant provides the relation between the *r~A~* and the reactants concentration of a reaction. Here, the *k~A~* was estimated via integral method of analysis \[[@B34]\]. The effect of each parameter (pH, temperature, substrate concentration, and agitation speed) over *k~A~* and *r~A~* was determined, rather keeping other parameters constant.

3.11. Effect of Physico-Chemical Parameters on *r~A~* and *k~A~* {#sec3.11}
----------------------------------------------------------------

Physico-chemical parameters that were taken into consideration were temperature, pH, substrate concentration, and agitation speed. The experimental design involved varying one factor at a time while keeping others constant. The constant values kept were temperature at 30°C, pH 9, substrate concentration at 1 mg/L, and agitation speed at 150 rpm while choosing to vary 1 factor at a time. The enzyme substrate ratio \[E\] : \[C~A~\] was kept 2 : 3 in all the experimental reactions. Since first-order kinetics was observed up to the first 2 hours, i.e., initiation phase, the *r~A~* and *k~A~* values were calculated for them only.

The different temperatures at which the biosynthesis of AuNPs were carried out were 25°C, 28°C, 30°C, 35°C, 37°C, and 40°C. The highest rate constant (*k~A~*) of 0.0703 h^−1^ was observed at 30°C ([Table 2](#tab2){ref-type="table"}). The pH was varied in the range of 5 to 9. The highest rate constant (*k~A~*) of 0.0930 h^−1^ was observed at pH 9 ([Table 3](#tab3){ref-type="table"}). Six different substrate concentrations, i.e., 1, 2, 3, 4, 5, and 10 mg/L of precursor (HAuCl~4~) when added to bacterial CLS also resulted in the production of different amounts of AuNPs. The highest rate constant (*k~A~*) of 0.46388 h^−1^ was observed at a substrate concentration of 10 mg/L ([Table 4](#tab4){ref-type="table"}). The various agitation speeds selected were 50, 100, 150, 200, and 250 rpm. The highest rate constant (*k~A~*) of 0.04796 h^−1^ was observed at agitation speed of 150 rpm ([Table 5](#tab5){ref-type="table"}).

3.12. Optimum Process Conditions for AuNPs Biosynthesis {#sec3.12}
-------------------------------------------------------

Optimum process conditions for AuNPs biosynthesis were tabulated with experimental data. The initial substrate concentration of HAuCl~4~ was kept at 1 mg/L at the start of biosynthesis of AuNPs while varying various physico-chemical parameters \[[@B35]\]. Optimum process conditions are tabulated in [Table 6](#tab6){ref-type="table"}. Comparative results of *r~A~* showed that synthesis at pH 9 produced the highest *r~A~* values of 0.0930 h^−1^, which apparently showed that the biosynthesis of AuNPs was based on biochemical reactions and the H^+^ ions significantly affected the *k~A~* values and subsequently the *r~A~* values.

4. Conclusions {#sec4}
==============

The results of AuNPs synthesized using *P. espejiana* strongly indicate that particle size increases with the time and the rate of formation of AuNPs is dependent on the variation of parameters like temperature, pH, agitation speed (rpm), and the concentration of substrate (HAuCl~4~). The increase in the rate of the reaction is due to an increase in the kinetic energy and the collision frequency between the molecules. A proper cycle of nucleation, crystal growth, and final saturation is observed in the AuNP biosynthesis. The measured rates support the fact that the process is chemically-controlled since pH has the highest rate of constant value. This research opens up further avenues to explore in the fields of kinetics, thermodynamics, and mass transfer involved in AuNP biosynthesis. Also, this study was a biochemical reaction and is enzyme-driven, so a different kinetic order was observed during the different phases of the reaction and thus makes it an interesting topic for further in-depth research.
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![Schematic flow chart indicating various steps involved in AuNPs biosynthesis using *P. espejiana* testing for both intracellular synthesis and extracellular synthesis of gold nanoparticles.](OMCL2020-6501294.001){#fig1}

![Different enzyme substrate ratio at 540 nm for AuNP production; 2 : 3 being the best optimum ratio followed by 3 : 2 and 2:1.](OMCL2020-6501294.002){#fig2}

![Influence of different temperatures on the size of AuNPs biosynthesis based on DLS analysis. The graph shows the smallest size AuNPs are biosynthesized at 30°C followed by second best optimum temperature at 25°C.](OMCL2020-6501294.003){#fig3}

![Influence of different pH(s) on the size of AuNPs biosynthesis based on DLS analysis. The graph shows the smallest size AuNPs are biosynthesized at pH 9 followed by second best optimum temperature at pH 8.](OMCL2020-6501294.004){#fig4}

![TEM images of AuNPs growth behaviour at varying time intervals: 0-2 h (a), 2-12 h (b), 12-24 (c), and 24-48 h (d) are depicted. The AuNPs size showed an increment at successive time interval due to fusion of smaller nuclei leading at a bigger particle due to crystal growth. All AuNPs in the images were synthesized with HAuCl~4~ as a precursor ion. In the images, the scale on the bottom left corner represents 100 nm.](OMCL2020-6501294.005){#fig5}

![FE-SEM images depicts growth behaviour of AuNPs at varying time intervals: 0-2 h (a), 2-12 h (b), 12-24 (c), and 24-48 h (d). Owing to phenomenon of nuclei fusion and crystal growth, a successive increase in the size of AuNPs was observed as the time increased. The scale of 100 nm is present at left bottom corner of each of the four images.](OMCL2020-6501294.006){#fig6}

![Influence of different temperatures on AuNPs biosynthesis kinetics based on ICP-OES analysis. Maximum AuNPs production was achieved at 30°C because the enzyme activity is supposedly the maximum at that temperature followed by 28°C enzyme was least active at 40°C thus lowest conversion rate of precursor gold to AuNPs. The enzyme substrate ratio was kept constant, \[E\]: \[C~A~\] = 2 : 3, the pH was maintained at 9 with substrate concentration of 1 mg/L and agitation speed of 150 rpm throughout the reaction.](OMCL2020-6501294.007){#fig7}

![Influence of different pH(s) on AuNPs biosynthesis kinetics based on ICP-OES analysis. Maximum AuNPs production was achieved at pH 9 because the concentration of H^+^ ions in solution is very low, causing fast dissociation of enzyme leading to higher AuNPs production. Enzyme was least reactive at pH 5 thus lowest conversion rate of precursor gold to AuNPs. The enzyme substrate ratio was kept constant, \[E\]: \[C~A~\] = 2 : 3, the temperature at 30°C throughout the reaction with substrate concentration of 1 mg/L along with agitation speed of 150 rpm.](OMCL2020-6501294.008){#fig8}

![Influence of various substrate concentration (HAuCl~4~) on AuNPs biosynthesis kinetics based on ICP-OES analysis. It was observed that the production of AuNPs is directly proportional to the substrate concentration hence the highest production occurred at 10 mg/L. The enzyme: substrate ratio was 2 : 3, the pH was kept at 9 and temperature at 30°C throughout the reaction with 150 rpm agitation.](OMCL2020-6501294.009){#fig9}

![Influence of different agitation speeds on AuNPs biosynthesis kinetics based on ICP-OES analysis. Highest AuNPs production was recorded at 150 rpm because optimum agitation increases the chances of exposure of gold ions to the enzymes resulting in higher production. The enzyme: substrate ratio was 2 : 3, the pH was kept at 9 and temperature at 30°C throughout the reaction with substrate concentration of 1 mg/L.](OMCL2020-6501294.010){#fig10}

###### 

Particle size analysis of AuNPs at varying time through DLS studies.

  S. no.   Time interval (hrs)   Average particle size (nm)
  -------- --------------------- ----------------------------
  1        0-2                   11 ± 6.36
  2        2-12                  66 ± 9.76
  3        12-24                 119 ± 11.57
  4        24-48                 148 ± 17.81

###### 

Determination of *r~A~* and *k~A~* with varying temperatures.

  Temperature (°C)   *r~A~* up to 2 hrs (mg/hr)   *k~A~* up to 2 hrs (h^−1^)
  ------------------ ---------------------------- ----------------------------
  25                 0.0791                       0.038
  28                 0.1315                       0.0636
  30                 0.1392                       0.0703
  35                 0.076                        0.038
  37                 0.073                        0.032
  40                 0.0751                       0.0369

###### 

Determination of *r~A~* and *k~A~* with varying pH(s).

  pH   *r~A~* up to 2 hrs (mg/hr)   *k~A~* up to 2 hrs (h^−1^)
  ---- ---------------------------- ----------------------------
  5    0.049                        0.0240
  6    0.095                        0.0491
  7    0.0148                       0.00732
  8    0.1081                       0.05372
  9    0.1867                       0.0930

###### 

Determination of *r~A~* and *k~A~* with varying substrate concentrations.

  Substrate concentration (mg/L)   *r~A~* up to 2 hr (mg/hr)   *k~A~* up to 2 hr (h^−1^)
  -------------------------------- --------------------------- ---------------------------
  1                                0.083                       0.047
  2                                0.2223                      0.1119
  3                                0.1819                      0.09084
  4                                0.2072                      0.10333
  5                                0.4829                      0.2425
  10                               0.9268                      0.46388

###### 

Determination of *r~A~* and *k~A~* with varying agitation speeds.

  Agitation speed (rpm)   *r~A~* up to 2 hr (mg/hr)   *k~A~* up to 2 hr (h^−1^)
  ----------------------- --------------------------- ---------------------------
  50                      0.0431                      0.0219
  100                     0.0599                      0.02988
  150                     0.0961                      0.04796
  200                     0.0634                      0.0346
  250                     0.0827                      0.0487

###### 

Effect of various parameters on optimum process conditions.

  -----------------------------------------------------------------------------------------------------------------------------------------------------
  Optimum process conditions   Product (AuNPs) produced mass/vol---in total reaction time (at 48 hrs)   \% yield of AuNPs   Highest *r~A~* and *k~A~*
  ---------------------------- ------------------------------------------------------------------------ ------------------- ---------------------------
  pH (9)                       0.914 mg/L                                                               91.4                *r* ~*A*~ = 0.1867\
                                                                                                                            *k*~*A*~ = 0.0930

  Temperature (30°C)           0.961 mg/L                                                               96.1                *r* ~*A*~ = 0.1392\
                                                                                                                            *k*~*A*~ = 0.0703

  Agitation speed (150 rpm)    0.947 mg/L                                                               94.7                *r* ~*A*~ = 0.0961\
                                                                                                                            *k*~*A*~ = 0.04796
  -----------------------------------------------------------------------------------------------------------------------------------------------------

[^1]: Guest Editor: Khuram Ahmad
